Sensory experience can selectively alter excitatory synaptic strength at neocortical synapses. The rapid increase in synaptic strength induced by selective whisker stimulation (single-row experience/SRE, where all but one row of whiskers has been removed from the mouse face) is due, at least in part, to the trafficking of AMPA receptors (AMPARs) to the post-synaptic membrane, and is developmentally regulated. How enhanced sensory experience can alter presynaptic release properties in the developing neocortex has not been investigated. Using paired-pulse stimulation at layer 4-2/3 synapses in acute brain slices, we found that presynaptic release probability progressively increases in the spared-whisker barrel column over the first 24 h of SRE. Enhanced release probability can be at least partly attributed to presynaptic NMDA receptors (NMDARs). We find that the influence of presynaptic NMDARs in enhancing EPSC amplitude markedly increases during SRE. This occurs at the same time when recently potentiated synapses become highly susceptible to a NMDAR-dependent form of synaptic depression, during the labile phase of plasticity. Thus, these data show that augmented sensory stimulation can enhance release probability at layer 4-2/3 synapses and enhance the function of presynaptic NMDARs. Because presynaptic NMDARs have been linked to synaptic depression at layer 4-2/3 synapses, we propose that SRE-dependent up-regulation of presynaptic NMDARs is responsible for enhanced synaptic depression during the labile stage of plasticity.
[Supplemental material is available for this article.]
Sensory experience can enhance the spike output of neocortical neurons, a phenomenon that has been widely investigated at a cellular and molecular level across multiple brain areas. Experience-dependent potentiation of neuronal responses has been well characterized in somatosensory cortex (S1), where synaptic potentiation, the addition of new synaptic contacts, and a reduction in local inhibition all play a role in transforming the output of neural circuits (Finnerty et al. 1999; Knott et al. 2002; Barth et al. 2004; Clem and Barth 2006; Jiao et al. 2006; Cheetham et al. 2007; Wen and Barth 2011; Jacob et al. 2012) . During postnatal development, experience-dependent plasticity is enhanced, and there has been great interest in understanding the cellular and molecular mechanisms that regulate this phenomenon in order to facilitate learning in other training paradigms as well as to restore plasticity in adults (Feldman et al. 1998; Pizzorusso et al. 2002; Hensch 2005; Di Cristo et al. 2007; Morishita et al. 2010; Gu et al. 2013; Kuhlman et al. 2013) .
At layer 4-2/3 synapses of primary somatosensory (barrel) cortex in mice, experience-dependent glutamatergic synaptic strengthening is associated with the trafficking of post-synaptic AMPARs. In contrast to activity-dependent changes in postsynaptic measures of synaptic strength in primary sensory cortex, presynaptic changes have been less well characterized. Although sensory deprivation can decrease release probability at glutamatergic synapses in neocortical areas representing the deprived inputs (Bender et al. 2006a) , it is unknown whether selective sensory stimulation can enhance release. Indeed, it is conceivable that post-synaptic potentiation is accompanied by a reduction in release probability, as a homeostatic adjustment to the increased activity of this pathway (Turrigiano et al. 1998 ).
Here we sought to investigate whether whisker-driven activity in barrel cortex could alter presynaptic release properties at layer 4-2/3 synapses. We focused on SRE-driven plasticity at the end of the second post-natal week, since the timecourse and receptor subtypes required for post-synaptic changes in this experimental paradigm are well characterized. During SRE, layer 4-2/3 synapses in the whisker-spared barrel columns show a rapid NMDAR-dependent increase in strength over the first 12 h, nearly doubling in amplitude (Wen et al. 2013 ). Potentiated layer 4-2/3 synapses then undergo an input-dependent reduction in synaptic strength also linked to NMDAR activation during the labile phase, that lasts 12 h before changes become stabilized (Wen et al. 2013) .
The transition from NMDAR-dependent potentiation to NMDAR-dependent depression during SRE is a form of synaptic metaplasticity that can be observed both in vivo and in vitro (Clem et al. 2008) . The mechanistic basis for this SRE-dependent change in NMDAR function remains obscure. Because NMDARs can occur both pre-and post-synaptically at layer 4-2/3 synapses, modification at both sites is possible (Corlew et al. 2008) .
Presynaptic NMDARs have been anatomically observed at neocortical synapses, where they are localized to axonal boutons by immunoelectron microscopy (EM; Aoki et al. 1994; Charton et al. 1999; Corlew et al. 2007; Larsen et al. 2011) . Putatively presynaptic NMDARs (referred to as presynaptic NMDARs for clarity) regulate the frequency of miniature EPSCs in layer 2/3 neurons in early post-natal neocortex (Berretta and Jones 1996; Brasier and Feldman 2008; Kunz et al. 2013) , suggesting that they are gated by ambient glutamate even in the absence of bursting activity. Intracellular administration of NMDAR-antagonists into presynaptic layer 4 neurons is sufficient to block spike-timing-dependent long-term depression (t-LTD) at layer 4-2/3 synapses (Rodríguez-Moreno and Paulsen 2008), and t-LTD is developmentally regulated (Banerjee et al. 2009; Itami and Kimura 2012) . Because SRE transiently shifts NMDAR-activation to favor synaptic depression (Clem et al. 2008; Wen and Barth 2012; Wen et al. 2013) , and because t-LTD at layer 4-2/3 synapses requires presynaptic NMDARS, we hypothesized that these receptors might be functionally up-regulated during the labile phase of SRE-induced plasticity.
Initially, we examined how SRE can alter the paired-pulse ratio (PPR) during the initiation, labile, and stabilization phases of experience-dependent plasticity in S1. PPR slowly decreases over the initial 24 h of SRE, indicating a progressive enhancement of synaptic release properties at layer 4-2/3 synapses. We next investigated whether SRE could alter the influence of presynaptic NMDARs. In control animals under our experimental conditions, presynaptic NMDARs minimally influence the amplitude of isolated, evoked layer 4-2/3 EPSCs. However, SRE induces a significant increase in the influence of presynaptic NMDARs on EPSC amplitude during both the initiation and labile phases without simultaneously altering the PPR. These data show that presynaptic NMDARs can be regulated by sensory input and that they can influence EPSC amplitude by two different pathways.
Results
Presynaptic release probability is enhanced by whisker activity
Mice aged P12-13 were subjected to removal of all but the D-row of whiskers for variable time intervals, and acute brain slices were prepared that allowed identification of the spared D-row (Fig. 1A,B) . Layer 4-2/3 EPSCs were evoked using extracellular stimulation in the center of a layer 4 barrel (Fig. 1C) , and paired stimuli were delivered at 30 Hz (Fig. 1D) . Previous studies have shown that this SRE manipulation is sufficient to increase the quantal amplitude of layer 4-2/3 EPSCs (Clem and Barth 2006; Clem et al. 2010; Wen et al. 2013 ). In the control, whisker-intact animals, mean PPR is on average modestly depressing ( Fig. 1E ; 0.92 + 0.06; n ¼ 22 cells and 14 mice), consistent with prior studies in young animals (Reyes et al. 1998; Rozov et al. 2001; Bender et al. 2006a,b; Brasier and Feldman 2008) . The range of PPR values for individual cells from control animals varied considerably, where some synapses were strongly facilitating and others profoundly depressing (PPR range ¼ 1.44, indicative of a strongly facilitating synapse, versus 0.15, a strongly depressing synapse, n ¼ 22).
Over the course of 24 h of SRE, we observed a slow decrease in mean PPR at layer 4-2/3 synapses, whereby 24 h after the SRE onset it had dropped to 0.66 + 0.03 ( Fig. 1E ; n ¼ 17 cells in 12 mice; P ¼ 0.02 by Kruskal-Wallis with Dunn's multiple comparison). This is typically interpreted as an increase in presynaptic release probability (Fig. 1E) . These effects were independent of the recording temperature used (Supplemental Fig. 1 ). In addition, SRE led to a decrease in the overall variance of the PPR, where PPR values for individual cells became more similar by 24 h (PPR range 0.88-0.39, n ¼ 17 cells in 12 mice). This phenomenon suggests that changes across individual cells might be asynchronous, but converge to a common state where release probability is enhanced.
Presynaptic NMDARs at layer 4-2/3 synapses
There is strong evidence for presynaptic NMDARs at layer 4-2/3 synapses in the developing somatosensory cortex, where these receptors have been shown to modulate basal EPSC amplitude, decrease the PPR (Sjöstrom et al. 2003; Bender et al. 2006a; Brasier and Feldman 2008; Rodríguez-Moreno et al. 2013) . There is also anatomical evidence using immuno-EM that indicates NMDARs can be found at presynaptic terminals in the neocortex (Aoki et al. 1994; Larsen et al. 2011) . Typically, detection of a presynaptic NMDAR effect on release properties has also required specific experimental manipulations to enhance their function: for example, blockade of glutamate reuptake using TBOA or presynaptic bursting activity (Bender et al. 2006b; Brasier and Feldman 2008; Rodríguez-Moreno et al. 2013 ). In the absence of these manipulations, the influence of presynaptic NMDARs in regulating the post-synaptic EPSC has been hard to detect.
To remove any influence of post-synaptic NMDARs, recordings were carried out where post-synaptic NMDARs were blocked using hyperpolarization (V rest ¼ 280 mV) and inclusion of MK-801 in the recording pipette. To reduce polysynaptic activity, experiments were carried out with high divalent ion concentrations in the circulating bath solution, increasing the likelihood for Mg 2+ block of the NMDAR. In control animals, under our recording conditions, there was little evidence for an influence of presynaptic NMDARs on evoked EPSCs at layer 4-2/3 synapses ( Fig. 2A,D) , consistent with prior work. On average, application of the NMDAR-antagonist APV had little effect on the PPR (baseline 0.89 + 0.06 before versus APV 0.86 + 0.09; n ¼ 10 cells and 7 mice), although the effect on individual cells was variable. Importantly, low PPR values were not associated with a stronger APV effect, suggesting that this variance did not stem from heterogeneity under the influence of presynaptic NMDARs (Fig. 2D) .
After 24 h of SRE, NMDAR-antagonist application significantly increased PPR values (Fig. 2B ,C,E; 24 h SRE PPR baseline 0.73 + 0.04 versus 24 h SRE + APV 1.08 + 0.04; n ¼ 7 cells in 6 mice; P ¼ 0.007 by paired t-test). This effect was reversed with washout of APV (Fig. 2B,C) . The increase in PPR was especially notable in light of the fact that recording conditions were not modified to enhance detection of presynaptic NMDARs, as has been required in other studies . The change in the ability of presynaptic NMDARs to facilitate release at layer 4-2/3 synapses required at least 24 h of SRE to become apparent, and was not statistically significant with shorter durations of SRE (Fig. 2F ). It was also independent of the recording temperature (Supplemental Fig. 2 ). In addition, the robustness of this result in the face of high levels of Mg 2+ in the bath suggests that the presynaptic NMDARs involved may not be sensitive to Mg 2+ block.
NR2B-containing presynaptic NMDARs are not required to change PPR
NMDARs are tetramers, composed of two NR1 subunits that combine with two NR2-or NR3 subunits to confer distinctive properties of Mg 2+ blockade and decay kinetics (Monyer et al. 1994; Chatterton et al. 2002) . The NR2B (GluN2B/Grin2b) subunit has been associated with long-term depression (Liu et al. 2004; Massey et al. 2004 ) but see Hrabetova et al. (2000) and Yoshimura et al. (2003) , and activity-dependent up-regulation of presynaptic NR2B and NR3A (GluN3A/Grin3a) has been observed at some neocortical synapses (Yang et al. 2006; Larsen et al. 2014) . Typically, NR2B is more prevalent during early development, and is replaced with NR2A in older animals. For example, in primary visual cortex, visual stimulation can trigger an increase in synaptic NR2A (Quinlan et al. 1999) , and in somatosensory cortex post-synaptic NMDAR currents become progressive less sensitive to the NR2B-selective antagonist ifenprodil during post-natal development (Barth and Malenka 2001) .
In our previous study, no changes in ifenprodil sensitivity of post-synaptic NMDAR-currents after 24 h of selective whisker experience were observed, suggesting that these receptors are not implicated in SRE metaplasticity (Clem et al. 2008) . However, this analysis of post-synaptic NMDARs did not take into account the presence of potentially presynaptic NMDARs at layer 4-2/3 synapses.
First we examined the role of NR2B-containing NMDARs to the post-synaptic NMDAR-EPSC at multiple stages during SRE. As in previous studies, 24 h of SRE did not alter ifenprodil sensitivity (the fraction ifenprodil block of NMDA-EPSC at 0 h: 0.60 + 0.08, 5 cells in 5 mice, 24 h: 0.66 + 0.08, 6 cells in 3 mice, Fig.  3A ,B). In contrast, ifenprodil sensitivity was significantly reduced at 18 h of SRE (0.41 + 0.07, 5 cells in 5 mice, Fig. 3A ,B). Interestingly, this shift was not associated with faster decay kinetics of the post-synaptic NMDAR-EPSC ( Fig. 3C ) either before or after ifenprodil application, despite the fact that NR2B-containing NMDARs have been shown to exhibit significantly longer decay kinetics (Monyer et al. 1994; Tovar and Westbrook 1999 ).
An alternative model to explain the decrease in ifenprodil block of the post-synaptic NMDAR-EPSC might be that presynaptic NMDARs are changing their subunit composition, replacing NR2B with another subunit. To determine whether this change in ifenprodil sensitivity might be linked to changes in putatively presynaptic NMDAR-subunit composition, we investigated the effect of ifenprodil on the PPR when post-synaptic NMDARs were blocked (Fig. 4) . Ifenprodil significantly decrease the PPR in control animals, suggesting that presynaptic NR2B-containing NMDARs receptors facilitate release under basal conditions (0-h PPR baseline 0.94 + 0.09 versus + ifenprodil 0.76 + 0.09; n ¼ 12 cells in 7 mice; P ¼ 0.029 by paired t-test, Fig. 4A ,C). However, ifenprodil failed to change the PPR at any stage after the onset of SRE (6-h PPR baseline 0.93 + 0.11 versus + ifenprodil 1.05 + 0.19; n ¼ 9 cells in 7 mice; P ¼ 0.36 by paired t-test and 18-h PPR baseline 0.67 + 0.08 versus + ifenprodil 0.77 + 0.12; n ¼ 13 cells in 8 mice; P ¼ 0.19 by paired t-test Fig. 4D-F )-even at 24 h after SRE (24-h PPR baseline 0.61 + 0.04 versus + ifenprodil 0.57 + 0.08; n ¼ 10 cells in 6 mice; P ¼ 0.063 by paired t-test Fig.  4 B,D) when APV significantly enhanced the PPR (Fig. 2C-F) . Thus, the NMDAR-dependent change in release probability initiated by SRE shown in Figure 2 cannot be attributed to a change in NR2B expression. If anything, the influence of NR2B-containing NMDARs on the PPR is reduced by SRE, since ifenprodil decreases Cold Spring Harbor Laboratory Press on January 27, 2015 -Published by learnmem.cshlp.org Downloaded from PPR in cells from control animals (Fig. 4C ) and has no effect after 24 h of SRE (Fig. 4D ).
Whisker experience enhances the effect of presynaptic NMDARs on isolated EPSC amplitude Presynaptic NMDARs could influence release probability during bursting activity when presynaptic spikes can lead to persistent elevations in Ca 2+ levels at the axon terminal (Bender et al. 2006b ), but have also been shown to influence basal synaptic transmission. For example, APV decreases the amplitude of isolated, evoked EPSCs and can increase miniature EPSC (mEPSC) frequency in layer 2/3 neocortical neurons Larsen et al. 2011; Kunz et al. 2013) . The effect of NMDARs on isolated EPSCs might be dissociable from their effects on PPR. Thus, we next investigated whether SRE might change the effect of presynaptic NMDARs on basal synaptic transmission at layer 4-2/3 synapses.
To isolate layer 4 inputs, we analyzed the effect of APV on evoked EPSCs at different time points after the onset of SRE. In control animals where post-synaptic NMDARs were blocked using post-synaptic hyperpolarization as well as inclusion of MK-801 in the post-synaptic recording pipette, APV modestly reduced EPSC amplitude ( Fig. 5A,C ; 16% reduction in EPSC amplitude, n ¼ 10 cells in 7 mice). As the duration of SRE increased, APV showed greater suppression of EPSC amplitude ( Fig. 5A,C ; 6 h 31% decrease n ¼ 9 cells and 7 mice; 18 h 45% decrease n ¼ 10 cells and 8 mice; 24 h, 32% decrease n ¼ 7 cells and 6 mice). These data suggest that SRE triggers a change in presynaptic NMDARs that can regulate basal release properties.
To determine whether this shift in NMDAR-function might be attributable to an increase in functional expression of the NR2B subunit, we examined whether ifenprodil would have the same effect as the pan-NMDAR-antagonist APV (Fig. 5B,D) . Ifenprodil had no effect on EPSC amplitude in cells from control animals (1.03% of baseline, n ¼ 12 cells and 7 animals), indicating that presynaptic NR2B-containing receptors play a negligible role under normal conditions. However, 6 h after the SRE onset, ifenprodil reduced EPSC amplitude by nearly half, a highly significant change (39%, n ¼ 9 cell in 7 animals). This effect was apparently maintained at 18 h of SRE (30%, n ¼ 13 cells in 8 animals), but had decreased by 24 h of SRE (13.5%, n ¼ 10 cells in 7 animals). The effect of ifenprodil on basal transmission is notable, since it did not influence PPR at any time point tested (Fig. 4) . These results dissociate the effect of these receptors on controlling the amplitude of single-evoked EPSCs from their effect on PPR. This finding is consistent with multiple, separate effects of presynaptic NMDARs at layer 4-2/3 synapses that are coordinately regulated by whisker activity.
How do NMDARs influence basal synaptic transmission?
One hypothesis for how NMDARs facilitate basal synaptic transmission is that they are tonically active, gated by low levels of Cold Spring Harbor Laboratory Press on January 27, 2015 -Published by learnmem.cshlp.org Downloaded from ambient glutamate to depolarize the presynaptic cell and thus increase release probability (Sah et al. 1989; Shu et al. 2006) . To determine whether whisker activation during SRE could alter this property, we examined the effect of APV on resting membrane potential in layer 4 neurons.
In control animals, APV resulted in a 4 mV hyperpolarizing shift in V rest ( Fig. 6A-C ; 4.04 + 1.4 mV shift; n ¼ 8 cells in 4 mice). The effect of APV was highly variable from cell to cell (range 8.4-2.4-mV hyperpolarization; Fig. 6C ), a property that makes it difficult to detect statistically significant changes without a very large number of recordings. Interestingly, ifenprodil showed no effect on V rest in control animals ( Fig. 6C ; 0.15 + 1.3 mV shift; n ¼ 6 cells in 3 mice). This indicates that NR2B-lacking NMDARs are responsible for depolarizing layer 4 neurons. Although they can influence EPSC amplitude, NR2B-containing NMDARs do not contribute to resting membrane potential in layer 4 neurons under our recording conditions. We hypothesized that whisker experience might lead to a larger role for NMDARs in setting resting membrane potential, such that these receptors might provide a tonic current that depolarizes layer 4 neurons and increase release probability. However, after 24 h of SRE, we observed no change in APV-dependent depolarization of layer 4 neurons compared with control (Fig. 6C ). This time point was when APV had a maximal effect on PPR and also could reduce evoked EPSC amplitude. Thus, these data dissociate the effect of NMDARs on V rest from their influence on the release properties of glutamatergic synapses.
Some studies have identified a role for NMDARs in regulating miniature EPSC frequency (but not amplitude Kunz et al. 2013 ), consistent with a presynaptic effect for these receptors. However, under our recording conditions, we observed no significant reduction in mEPSC frequency with APV in control (101 + 4.6%, n ¼ 4 cells in 2 mice) or after SRE (93 + 9.6%, n ¼ 6 cells in 2 mice; Supplemental Fig. 3 ). At warmer recording temperatures, we did observe an SRE-dependent increase in the effect of NMDARs on mEPSC frequency (control 91.8 + 2.9%, n ¼ 8 cells in 4 mice versus SRE 79.7 + 4.1%, n ¼ 8 cells in 6 mice). Overall, these data are consistent with a SRE-dependent increase in presynaptic NMDAR function.
Discussion
Here we show that enhanced sensory input, using a protocol for retaining only a single row of whiskers on both sides of the mouse face, can enhance synaptic transmission through at least two different presynaptic mechanisms. First, synaptic release during high-frequency stimulation shifts to become significantly more depressing compared with control conditions, and this increase is at least partly due to APV-sensitive, non-NR2B-containing, NMDARs. Second, we detected a significant increase in the contribution of presynaptic NMDARs in increasing the amplitude of isolated EPSCs. In control animals, presynaptic NMDARs play a negligible role in modulating basal EPSC amplitude. However, shortly after SRE begins (between 6 and 18 h after the onset); presynaptic NMDARs enhance evoked EPSC-amplitude at layer 4-2/3 synapses. These release-enhancing NMDARs are likely to contain NR2B, since the AMPAR-EPSC was suppressed with both APV and also the NR2B-selective antagonist ifenprodil. These data suggest that both NR2B-containing and NR2B-lacking NMDARs are regulated during experience-dependent plasticity at layer 4 -2/3 synapses in the developing barrel cortex.
SRE changes presynaptic properties: enhancing release
There has been a great deal of interest in how alterations in sensory experience shift neural firing and synaptic properties. However, it is easier to analyze how sensory deprivation changes circuit function (Lendvai et al. 2000; Bender et al. 2006a; Jiao et al. 2006) , rather than studying the effect of enhanced sensory activity since this requires identification of a precise neocortical region that represents the activated sensory input. For example, in the visual cortex, intermingling of left-and right-eye driven cells within the binocular zone makes it difficult to isolate specific changes that are related to the spared sensory input. Using the anatomical map of the peripheral whiskers represented in the barrel field, we were able to precisely target the barrel columns corresponding to the spared whisker in order to investigate how presynaptic function could be altered during stimulation-induced plasticity. Previous studies have shown that layer 4-2/3 synapses in sensory-deprived neocortical regions become facilitating (i.e., an increase in PPR) after sensory deprivation, suggesting that release probability is decreased in the absence of the sensory input (Bender et al. 2006a ). In contrast, we observed an increase in release probability in the spared sensory representation: synapses become more depressed and PPR is reduced. At a population level across many layer 4 neurons, these findings suggest that weaker whisker stimuli may be able to more effectively evoke a response in layer 2/3 neurons, increasing overall EPSC amplitude so that post-synaptic spikes in layer 2/3 neurons are generated with greater frequency. In addition, it remains possible that other postsynaptic mechanisms, such as altered receptor desensitization, may be altered by SRE and could contribute to the apparent change in release measured by PPR. However, our results are consistent with other studies that show presynaptic NMDARs can regulate release, and are regulated by sensory-evoked activity Rodríguez-Moreno and Paulsen 2008; Kunz et al. 2013; Larsen et al. 2014) .
Interestingly, increased release probability has also been described in other preparations where overall levels of activity are increased, after chemically induced seizures or in cortical dysplasia (Scimemi et al. 2006; Yang et al. 2006; Chen et al. 2007; Upreti et al. 2012 ) but see Pitsch et al. (2012) . The changes that are reported here are anti-homeostatic; they do not act to dampen the excitability of neurons in the face of increased sensory-evoked activity. This contrasts to other studies that have investigated the effect of decreased neural activity that enhances release probability (Bacci et al. 2001; Murthy et al. 2001; Desai et al. 2002; Yashiro and Philpot 2008; Lazarevic et al. 2013) ; it may be that homeostatic adjustments in release are engaged by decreased but not increased sensory-evoked activity, and are not fully bidirectional.
SRE induces both pre-and post-synaptic changes in NMDAR subunit composition
Our findings demonstrate that there is a change in the contribution of presynaptic NMDARs in mediating presynaptic release at layer 4-2/3 synapses. Are there also changes in post-synaptic NMDARs? Based upon data in Figures 3 and 4 , we propose that SRE leads to a change in both post-synaptic and presynaptic NR2B-containing NMDARS. Under control conditions, bath application of the NR2B-specific antagonist ifenprodil blocks specifically the post-synaptic NMDAR-EPSC by 60% (Fig. 3) without influencing presynaptic release (Fig. 4) .
However, 6 h after the SRE onset, presynaptic NR2B-containing NMDARs show a new role in facilitating EPSC amplitude (Fig.  4) . Because we know that these NR2B receptors are presynaptic, and yet ifenprodil application still reduces the post-synaptic NMDAR-EPSC by a comparable amount compared with control (Fig. 3) , this suggests that there is in fact a decrease in the contribution of post-synaptic NR2B-containing NMDARs.
In 18 h after SRE, presynaptic, NR2B-containing NMDARs still show a significant influence on enhancing the amplitude of layer 4-2/3 AMPAR-mediated EPSCs, since ifenprodil application reduces EPSC amplitude by 30% (Fig. 4) . At the same time point, ifenprodil also decrease the post-synaptic NMDAR-EPSC by 41% (Fig. 3) , an effect that must be the sum of both pre-and postsynaptic effects. Taken together, these data suggest that the entire ifenprodil-mediated inhibition on the post-synaptic NMDAR-EPSC might be mediated almost entirely through presynaptic NMDARs, which robustly enhance release at this time point. Thus, sensory experience can regulate both post-synaptic and presynaptic NR2B: NR2B-containing NMDARs are down-regulated in the post-synaptic compartment, and NR2B-containing NMDARs are functionally up-regulated at presynaptic sites. These probably include the presynaptic compartment but may also be localized at other sites with the layer 4 neuron or in glial cells, which also express NMDARs (Salter and Fern 2005; Lee et al. 2010; Zhou et al. 2010; Dzamba et al. 2013) . The mechanisms by which glialcell NR2B can regulate presynaptic release have not been well described.
Previous studies have suggested that NR2A levels can be positively regulated by activity levels, changing the relative NR2A/B ratio. Interestingly, in these biochemical studies of isolated synaptoneurosomes, the levels of NR2B were not found to be altered (Quinlan et al. 1999; Philpot et al. 2001) . It may be that previous studies were not able to detect overall changes in NR2B levels because a post-synaptic decrease was offset by presynaptic increase. However, the specific cellular location of SRE-regulated NR2B subunits remains unknown.
Presynaptic NMDARs have been shown to contain NR3A, a glycine-binding subunit that confers unique electrophysiological properties on NMDARs (Larsen et al. 2011 ). In addition, the presence of NR3A can reduce APV binding in some NMDAR subtypes (Chatterton et al. 2002) . We identified a discrepancy in the effect of APV (which did not change PPR in control animals) and ifenprodil (which slightly decreased PPR in control animals). This might be due to a predominance of NR3A-containing NMDARs in control animals that reduce APV efficacy. The ifenprodil sensitivity of these receptors suggests that they contain NR2B. Future experiments to dissect the role of subunit composition on drug sensitivity, as well as to identify the specific subunit composition of presynaptic NMDARs at developing layer 4-2/3 synapses, will be required to test this possibility.
Presynaptic NMDARs limit experience-dependent synaptic potentiation
There is strong experimental evidence for presynaptic NMDARs at layer 4-2/3 synapses. In somatosensory cortex, dual whole-cell recording experiments show that pharmacological blockade of presynaptic NMDARs can prevent the induction of t-LTD, and that this form of synaptic plasticity is developmentally regulated (Rodríguez-Moreno and Paulsen 2008; Banerjee et al. 2009; Rodríguez-Moreno et al. 2011; Itami and Kimura 2012; ) . These presynaptic NMDARs are critical for synaptic depression at developing layer 4-2/3 synapses and are not found at horizontal, layer 2/3-2/3 synapses in the barrel cortex. Synapse-specific presynaptic NMDARs that play a critical role in depression have also been observed at other neocortical synapses, including layer 5 (Buchanan et al. 2012) .
As presynaptic NMDARs are tied to the induction of t-LTD, it is tempting to speculate that an increase in presynaptic NMDARs during SRE might make it more likely that synaptic depression will be induced at layer 4-2/3 synapses. Interestingly, the increase of presynaptic NMDAR function occurs around the same time as the labile phase of SRE-induced synaptic plasticity, where NMDAR activation is associated with a reduction in EPSC amplitude at layer 4-2/3 synapses (Clem et al. 2008; Wen and Barth 2012; Wen et al. 2013) . Previous studies that identified this phase of NMDAR-dependent depression during SRE did not selectively block presynaptic NMDARs (and thus cannot conclude that the experience-dependent change in NMDAR properties is localized to this synaptic compartment). Such a mechanism might be a way to shift plasticity-induction thresholds to favor LTD over LTP induction (Abraham and Bear 1996) , a phenomenon that has previously been described in this system (Clem et al. 2008) . Activity-dependent regulation of presynaptic NMDARs may serve as a metaplastic switch to limit the degree of synaptic potentiation that can occur at layer 4-2/3 synapses, maintaining these inputs within a restricted range. Because the labile phase is transient (Wen et al. 2013) , we predict that at longer durations of SRE the increased role of presynaptic NMDARs will revert back to baseline levels, during the stabilization phase. It remains unknown what are the precise events required to trigger a change in presynaptic NMDARs: whether post-synaptic potentiation and retrograde signaling to the layer 4 presynaptic terminal is required, or whether the sustained activity of presynaptic neurons may be sufficient to regulate these NMDARs.
Subunit composition of presynaptic NMDARs that are regulated by sensory experience
Our results suggest that presynaptic NMDARs may consist of two distinct types, each with a different role in regulating presynaptic release. Presynaptic NMDARs that are blocked by APV act to decrease the PPR, suggesting that these receptors facilitate glutamate release. This effect was not observed with the NR2B-selective antagonist, indicating that the subset of receptors involved in the PPR effect lack NR2B. Because our experiments were carried out using high levels of Mg 2+ in the circulating bath, we propose that these presynaptic receptors are likely to contain the Mg 2+ -insensitive subunits NR2C, NR2D, or NR3A. Previous studies have shown that layer 4 neurons express NR2C (Binshtok et al. 2006; Banerjee et al. 2009 ) and NR3A, the latter of which is observed presynaptically by immunoEM (Larsen et al. 2011) .
In contrast to the NMDARs involved in regulating the PPR, we also found that NMDARs can enhance the amplitude of isolated EPSCs. This effect was not observed in control animals, but was significant within 6 h of the SRE onset. In these experiments, the effect of APV was nearly identical to ifenprodil, indicating that this subset of presynaptic NMDARs contains the NR2B subunit. This is consistent with previous studies that have suggested presynaptic NMDARs in visual cortex contain both NR3A as well as the NR2B subunit (Larsen et al. 2011) .
Interestingly, NR3A levels sharply increase during development and then are reduced during the third post-natal week in mice, and it has been proposed that this subunit might be related to the developmental regulation of plasticity (Kehoe et al. 2013) . It is possible that SRE induces an up-regulation of NR3A in layer 4 neurons, consistent with their resistance to Mg-block. Because t-LTD is absent in NR3A knockout mice, it appears that NR3A is required for t-LTD (Larsen et al. 2011) . The activity-dependent up-regulation of this subunit may facilitate t-LTD at synapses strengthened by SRE.
Conclusion
Here we show that experience-dependent increases in the sensoryevoked output of neurons in primary somatosensory cortex may be mediated in part by increased presynaptic release probability at layer 4-2/3 synapses. Because NR2B-lacking NMDARs influence the PPR as well as the amplitude of isolated evoked EPSCs, and NR2B-containing NMDARs only influence the amplitude of isolated evoked EPSCs, we predict that they are localized to different compartments within the layer 4-2/3 subcircuit.
The timing of these changes in putatively presynaptic NMDARs occurs roughly in parallel with changes in the susceptibility of layer 4-2/3 synapses in the spared barrel column to undergo synaptic depression. Our previous studies have shown that sensory-induced plasticity is initiated by an NMDAR-dependent form of synaptic strengthening, but that after the first 12 h of altered input, NMDAR-activation now leads to a weakening of strengthened synapses, where depression is favored over potentiation. Our findings suggest that this transition, from the initiation to the labile phase of experience-dependent plasticity, may occur because of an up-regulation of presynaptic NMDARs, a pathway that has been shown to activate t-LTD at layer 4-2/3 synapses.
Materials and Methods

Animals
Wild type C57BL6 mice were used for experiments at the age of P12-P14, of either sex. In a few cases (,10% of experiments), nontransgenic animals from a colony backcrossed 12 -18 generations into the C57BL6 strain (Harlan) were used. Because these animals did not carry any transgene, they were considered functionally equivalent to wild-type mice. In the single-row experience (SRE) paradigm, all whiskers were deprived bilaterally except a single set of D-row whiskers on the right side (Wen et al. 2013) . Animals were returned to their home cage for a variable amount of time (0, 6, 18, and 24 h) before electrophysiological recordings. Control animals were whisker-intact littermates of deprived animals from the same age range (P12-P14). Whiskers were not directly stimulated by the experimenter.
Slice preparation and whole-cell recording
Animals were anesthetized with isofluorane, decapitated and prepared in cold artificial CSF (ACSF) at 2˚C-6˚C composed of the following (mM): 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , and 11 glucose and equilibrated with 95/5% O 2 /CO 2 . Coronal slices with 350-mm thickness were vibratome-sectioned by an "across-row" protocol. The hemisphere related to the spared whiskers was sectioned along a 45˚plane toward the midline (Finnerty et al. 1999 ) to obtain slices with five barrels where every barrel belongs to one row. The barrel column representing the spared D whiskers was targeted for recording. Slices were maintained and whole-cell recordings were performed at room temperature (24˚C) unless otherwise indicated. Somata of lower layer 2/3 pyramidal neurons or layer 4 excitatory neurons in barrel cortex were targeted for whole-cell recording with borosilicate glass electrodes with a resistance of 4-8 MV. Pyramidal cell identity was confirmed after the recording session by pyramidal somata morphology and the presence of apical dendrite and dendritic spines. Layer 4 excitatory neurons were recognized by the presence of dendritic spines. To record evoked EPSC in layer 2/3 electrode internal solution was composed of the following (in mM): 130 cesium gluconate, 10 HEPES, 0.5 EGTA, 8 NaCl, 10 tetraethylammonium chloride, 4 Mg-ATP, and 0.4 Na-GTP, 5 QX-314, and 1 MK-801 at pH 7.25-7.30, 290-300 mOsm and contained trace amounts of Alexa 568.
To record spontaneous activity of layer 4 neurons electrode internal solution was composed of the following (in mM): 116 potassium gluconate, 6 KCl, 8 NaCl, 0.5 EGTA, 4 MgATP, and 0.4 NaGTP, at pH 7.25-7.35, 290 mOsm and contained trace amounts of Alexa 568.
Only cells with R series ≤ 30 MV and R input ≥ 200 MV, where changes in either measurement were .30%, were included for analysis. Electrophysiological data were acquired by Multiclamp 700A (Molecular Devices) and a National Instruments acquisition interface. The data were filtered at 3 kHz and digitized at 10 kHz and collected by Igor Pro 6.0 (Wavemetrics). Extracellular simulation was controlled by a Master-8 (A.M.P.I.) and a stimulus isolator Isoflex (A.M.P.I.). Stimulation of presynaptic afferents with ISI of 33 msec at 0.1 Hz was performed using a glass monopolar electrode filled with ACSF and placed in the center of the barrel in layer 4. Evoked EPSCs were elicited with 3 -10 mA of current in order to yield an EPSC 100 pA. To record the effect of NMDA receptors on resting membrane potential, layer 4 neurons activity was recorded in current clamp mode and the baseline shift was calculated after APV application.
NMDAR-mediated EPSC and ifenprodil sensitivity
Evoked NMDAR-mediated EPSCs were isolated by including 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[ f ]quinoxaline-7-sulfonamide hydrate (NBQX, 5 mM) and picrotoxin (Ptx; 50 mM) in the bath solution (regular ACSF). Layer 2/3 pyramidal cells were voltage-clamped at +40 mV. A single-exponential function was fitted to the average NMDA-EPSC trace from its peak to 200 msec after the stimulus onset and a decay constant t was determined from the fit. Baseline recordings of NMDA currents lasted at least 10 min to make sure there is a stable baseline of 5-10 min. To assess the content of NR2B-containing NMDARs, ifenprodil (5 mM), a specific NR2B antagonist was infused to the recording chamber locally while recordings were continued. Because the action of ifenprodil was poorly reversible (Kumar and Huguenard 2003) , we expected no recovery of the currents after drug application which was observed in all of our experiments. The average baseline response was 125 obtained by averaging 20-30 sweeps right before the drug was added. The average post-drug response was obtained by averaging 20-30 sweeps toward the end of recording after the response stabilized.
Measurement of presynaptic NMDARs
Evoked AMPAR-mediated EPSC (AMPA-EPSC) was isolated by including Ptx (50 mM) in the bath solution containing 4 mM Ca were administered at a frequency of 0.1 Hz for recordings of paired-pulse ratio of AMPA-EPSCs. Cells with a latency of 2 -5 msec for the first EPSC and that showed clear monosynaptic component EPSC were included for analysis. Baseline responses and post-drug responses were obtained by averaging 10 sweeps right before drug application or 5-10 min after drug application when responses were normally stabilized. PPR expressed as the ratio of the second EPSC amplitude and the first EPSC amplitude of the average traces (second EPSC/first EPSC).
Statistics
Typically, only one to two slices per brain contained the entire complement of five barrels. Not more than two cells from one mouse were recorded and included for the analysis, with one exception where three cells from one control mouse were collected.
Statistical significance was calculated between groups for each timepoint or drug manipulation. Comparison between groups of mice were performed by one-way nonparametric ANOVA using number of cells, or to accommodate random effects caused by animal-to-animal variability in our data sets, a generalized linear mixed model (LMM) followed by simultaneous multiple pairwise comparisons. The P values were adjusted for multiple comparisons described by Hochberg and Benjamini (1990) . The effect of a drug on the response within one group was tested by paired t-test on cells. Statistical analyses were performed using the software program R or InStat (demo version).
